ABSTRACT. Previously, we have reported drastic strain differences of diazepam metabolism in the livers of a variety of rat strain. In this study, to characterize strain and sex differences of diazepam metabolism in the kidney, renal microsomal diazepam metabolic activities were determined in the Dark Agouti (DA), Sprague-Dawley (SD), Brown Norway (BN) and Wistar (WS) strains of rat. We found that the major pathway of diazepam metabolism in the kidney was diazepam N-demethylation, which is different from that in the liver, 3-hydroxylation. A Dose-course (12.5-200 M of diazepam) study revealed that the DA and WS male rats had higher diazepam N-demethylation activity than the SD and BN rats. In contrast to the males, a lower activity of diazepam N-demethylation was observed in female BN rats. By Western blot analysis, constitutive protein expressions of cytochrome P450 (CYP) 2C11, which is responsible for diazepam N-demethylation, were detected in the 4 strain in both the male and female rats, and the BN rats had lower expression levels of CYP2C11 protein. However, we did not observe significant differences in the kinetic parameters of diazepam N-demethylation. Our results suggested that there was a strain difference in CYP-dependent diazepam N-demethylation in the rat kidney, which is different from the finding in liver microsomes.
Metabolic activities of a number of xenobiotics have been reported to show marked species, strains, sex and age related differences due to their genetic polymorphism of xenobiotics metabolizing enzymes [5, 11, 19] . Diazepam is one of the benzodiazepines widely used in the treatment of anxiety disorders, depression and insomnia. Pathways leading to 3-hydroxy-diazepam (Temazepam) and N-desmethyldiazepam (Nordiazepam) are major in the liver, while phydroxy-diazepam has been reported to be a minor metabolite in man [3] . Recently, we reported the presence of drastic strain differences in diazepam metabolism in the livers of the Sprague-Dawley (SD), Dark Agouti (DA), Brown Norway (BN) and Wistar (WS) rat strains [20] . SD and BN rats had 300-fold higher diazepam p-hydroxylation activity than DA rats at a low concentration of substrate, and 3-fold higher 3-hydroxylation and N-demethylation activities in liver of DA rats were observed compared with those of other strains. Although the liver is the main organ responsible for the biotransformation of endogenous and exogenous compounds, other organs, especially the kidney, are involved [1, 2, 9] . Subsequently, we have turned our attentions to the metabolism of diazepam in the kidney.
The major function of the mammalian kidney is to maintain the homeostasis of the internal environment. To achieve this, the kidney is involved in numerous processes including the excretion of xenobiotics. Therefore, it is frequently exposed to potentially toxic compounds, which show a high degree of site-selectivity due to the very complex and heterogeneous anatomical structure of the tissue. Recent studies have shown that several renal cytochrome P450s (CYPs) are inducible and that their levels likely to play a pivotal role in maintenance of renal physiological function and susceptibility to toxic agents [4] . It has been demonstrated that chronic exposure to cadmium impairs the renal CYP-dependnent monooxygenase system through modulating CYP isoforms in WS rats [17] . In the present study, we aimed to reveal the major metabolic pathway of diazepam and its related-CYP expression in the rat kidney. As shown in Fig. 1 , diazepam 3-hydroxylation, p-hydroxylation and N-demethylation are catalyzed by CYP3A2, CYP2D1 and CYP2C11, respectively [13] . A better understanding of the strain and sex differences in the renal CYP isoforms is necessary to understand the role of CYPs in renal physiology and toxicology. Diazepam is one of the typical substrates of CYPs that shows strain and sex differences in rats, and we have previously elucidated the metabolic pathway and strain differences in the livers of rats. In the present study, we focused on the sex and strain differences of diazepam metabolism in the kidney and showed differences between the metabolic pathways of diazepam in the kidneys and livers of a variety of rat strains. (Tokyo, Japan). Anti-rat CYP2C11 antibody was obtained from Daiichi Pure Chemicals Co. (Tokyo, Japan). Glucose-6-phosphate (G-6-P), glucose-6-phosphate dehydrogenase (G-6-PDH) and -nicotinamide-adenine dinucleotide phosphate (-NADPH) were obtained from Oriental Yeast Co., Ltd. (Tokyo, Japan). Other chemicals and reagents used were of analytical and biochemical grade.
MATERIALS AND METHODS

Materials
Animals: Male and female SD, DA, BN and WS rats (10 weeks old) were obtained from Japan SLC, Inc. (Hamamatsu, Japan). All experiments using animals were performed with the supervision and approval of the Institutional Animal Care and Use Committee of Hokkaido University. The rats were housed in plastic cages at 22  1C with a 12-hr/12-hr light/dark cycle and given laboratory chow and tap water ad libitum.
Preparation of microsomes: Renal microsomes were prepared according to the method of Omura and Sato [15] . Kidney was homogenized in a 0.1 M potassium phosphate buffer (pH 7.4) and placed in ice-cold potassium phosphate buffer for preparation of the S-9 fraction. Microsomes were isolated from S-9 fractions by centrifugation at 105,000  g for 70 min and stored at -80C until use. The microsomal protein concentration was determined by the method of Lowry et al. [10] .
Assay of diazepam metabolism: The reaction mixture (final vol., 0.5 ml) contained 12.5 to 200 M of diazepam, 3 mM MgCl 2 , 5 mM G-6-P and 1.0 mg renal microsomes in 0.1 M potassium phosphate buffer. The reaction was started by adding 1 mM -NADPH and 1 unit of G-6-PDH after 3 min of preincubation at 37C. After incubation in a water bath for 5 min at 37C, the reaction was stopped by addition of 1.5 ml ethyl acetate. Nitrazepam was added to the mixture as an internal standard and was extracted in the organic phase (ethyl acetate) with diazepam and its metabolites by mixing sufficiently. The mixture was centrifuged at 1,000  g for 20 min to separate the aqueous phase. The organic layer was transferred to another tube and evaporated under vacuum, and the residue was dissolved in the HPLC mobile phase. HPLC was performed using a Shimadzu LC-6AV spectrophotometric detector and data processor (Chromatopac C-R6A) and an Inertsil ODS-2 column (5 m, 25 cm  4.6 mm i.d. GL Sciences Inc., Tokyo, Japan). The mobile phase consisted of 0.1 M potassium phosphate buffer (pH 3.0):acetonitrile:methanol (8:5:4 by vol.) at a flow rate of 0.9 ml/min, and the wavelength for detection of absorbance was set at 230 nm. The kinetic data were estimated using the GraphPad Prism 5 software (San Diego, CA, U.S.A.).
Western blot analysis:
The constitutive level of CYP2C11 expression was examined by Western blot analysis. Kidney microsomal protein (25 g) was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described by Laemmli et al. [8] . Separated proteins were blotted onto a nitrocellulose membrane and incubated with an anti-CYP2C11 antibody. Goat antimouse IgG was used as the secondary antibody, and the membrane was stained with ECL plus chemiluminescent detection reagent (Amersham, Little Chalfont, U.K.).
Statistical analysis: Curve fitting of enzymatic activities by non-linear regression analysis was performed using GraphPad Prism 5 software. The JMP-IN software (Cary, NC, U.S.A.) was used for statistical analysis. Enzymatic activities among strains were compared using the TukeyKramer HSD test or Dunnett's test, and differences between the sexes were detected using the Student's t-test, with a p<0.05 indicating a significant difference. Table 1 shows the diazepam metabolic activity in renal microsomes of the various rat strains. At the substrate concentration over 50 M diazepam, the activities of both diazepam Ndemethylation and 3-hydroxylation were observed in the renal microsomes; however, the activity of diazepam phydroxylation was not detected. In addition, we did not detect secondary metabolites of diazepam in reaction of renal microsomes. At the substrate concentration of 12.5 M diazepam, the activity of diazepam N-demethylation was detected only, which showed that the primary reaction is diazepam N-demethylation, and the diazepam N-demethylation activity was 3-4 times higher than that of diazepam 3-hydroxylation at the dose of 50 M diazepam ( Table 1 ).
RESULTS
Diazepam metabolism in renal microsomes:
The activity of diazepam N-demethylation was markedly higher in microsomes of male DA and WS rats than that of SD or BN rats, while the activity of diazepam 3-hydroxylation did not show any sex or strain differences. In female rats, significantly low diazepam N-demethylation activity was observed in the BN rats compared with the other strains. Diazepam N-demethylation was significantly higher in the female SD rats than in the male SD rats, indicating a sex difference.
Kinetic parameters of diazepam metabolism: To confirm the above differences in N-demethylation of diazepam, a dose-course study of diazepam metabolism was performed in the incubation mixture containing the NADPH generating system, 12.5-200 M diazepam and renal microsomes. The mean enzymatic activity of diazepam N-demethylation is shown in Fig. 2 . In the male rats, the activity of diazepam N-demethylation was in the order of WS=DA>SD=BN, and the order of activity was WS=DA=SD>BN in the female rats. However, there was no significant difference in the kinetic constants of diazepam N-demethylation among the SD, BN, DA and WS rats ( Table 2) .
CYP2C11 expression in renal microsomes: Western blot analysis revealed that the protein expression of CYP2C11, which is responsible for diazepam N-demethylation, was observed in the kidneys of all the tested strains of male and female rats (Fig. 3) . As shown in Fig. 3 , both male and female BN rats had weaker expression levels of CYP2C11 than those of WS and DA rats. This result was consistent with the lower diazepam N-demethylation activity in the BN rats among the 4 rat strains measured (Table 1 and Fig. 2 ). In addition, we did not detect the expression of CYP2C11 in liver microsomes of female rats (data not shown).
DISCUSSION
The CYP-dependent monooxygenase system plays a crucial role in the biotransformation of not only endogenous, but also exogenous compounds [14, 17] . The monooxygenase activities mediated by the CYP enzymes in rat hepatic microsomes have also been detected in renal microsomes [18] . Recognition of the genetic polymorphism in the drugmetabolizing enzymes is important because these differences depending on the strain of the experimental animals may cause significant differences in the results of pharmacokinetic, and pharmacological or toxicological studies [11, 19] . Neville et al. [13] reported that 3-hydroxylation and Ndemethylation of diazepam proceeds in the hepatic microsomes of WS rats, and that they are catalyzed by CYP isoforms such as CYP3A2 and CYP2C11 (Fig. 1) . In the present study, the enzymatic activities in diazepam metabolic pathways were investigated to elucidate strain and sex differences in the kidneys of four rat strains (SD, DA, BN and WS).
Differently from liver microsomes, we did not observed any drastic strain or sex differences in diazepam metabolism in renal microsomes. We detected slight but significant differences in diazepam N-demethylation at the substrate concentration of 50 M (Table 2) . SD rats showed a sex-related difference in enzyme activity of diazepam N-demethylation, while BN rats had a lower activity of diazepam N-demethylation in both males and females. However, the kinetic parameters of Km and Vmax showed no significant differences in the range of 12.5 M to 200 M of diazepam. In addition to the diazepam metabolic profiles in the renal microsomes of the four strain, we also found that diazepam N-demethylation is the major metabolic pathway in the rat kidney.
As shown in Fig. 3 , a high expression of CYPA2C11 was observed in the kidneys of the male and female rats. However, the expression levels of CYP3A2 and CYP2D1 were extremely low compared with CYP2C11 in the renal microsomes, and we did not detect any strain differences in these apoprotein expressions (data not shown). The enzyme activity of diazepam N-demethylation corresponded to the expression of CYP2C11 in the renal microsomes of the rats. In the present study, we reported, for the first time, that CYP2C11 was expressed at comparable levels in both male and female rats. Renal CYP2C11 functions in the metabolism of both exogenous chemicals, such as thiophene and cephaloridine, and endogenous chemicals such as testosterone [4] . In addition, CYP2C11 epoxidizes the 11, 12-olefins and 14, 15-olefins, and its expression is induced by high dietary salt administration [22] . The kidney is a rich reservoir of arachidonic acid, which is metabolized by CYP4A and CYP2C gene subfamily isoforms to produce epoxyeicosatrienoic acids (EETs) and 19-and 20-hydroxy-eicosatrienoic acids . These metabolites have been implicated in a variety of physiologically important processes, including regulation of renal tubular Na + and K + fluxes, renin activities and water permeability and have been shown to be potent systemic vasodilators and enantioselective intrarenal vasoconstrictors [7, 12] . In rats, the CYP2C gene subfamily is composed of 8 members, 2 of which are sex-specific (CYP2C11 and 2C12), and CYP2C11 has not been detected in the female liver [16] . CYP2C11, the predominant male-specific CYP isoform, is expressed in the livers of adult rats and mainly regulated by the sexually determined circulation profile of growth hormone, which is modulated by release of testosterone from the testes and by conversion to estradiol in the brain during the neonatal period [6] . However, the present study revealed that female rats showed similar enzyme activity profiles and expression of CYP2C11-recognized protein, indicating that the expression of CYP2C11 in the rat kidney is sex independent. Cells of the proximal convoluted tubule are the first to be exposed to the glomerular ultrafiltrate, and proximal tubular (PT) cells actively transport a wide variety of charged organic and inorganic compounds. Testosterone, which is metabolized by several different CYP isoforms, is 2-and 16-hydroxylated in primary PT cells and kidney microsomes, indicating CYP2C11 activity [21] . However, in contrast to the diazepam N-demethylation in the male rat kidney, the enzyme activity of diazepam 3-hydroxylation showed no significant differences at 50 M of substrate, and there were no significant differences in the level of CYP3A2 expression in the kidneys of the male rats (data not shown). This observation leads us to consider that enzyme activities related to CYP2C11 may affect the metabolism of diazepam in the kidney and that blood pressure can be regulated by the metabolites. Moreover, we also found different metabolic pathways of diazepam between the hepatic and renal microsomes of rats. As reported previously, although the activity of diazepam phydroxylation was high in the livers of SD and BN rats, we could not observe this enzymatic activity in the kidneys of the four rat strains. The dominant metabolic pathway in the liver was diazepam 3-hydroxylation, however, we revealed in the present study that diazepam N-demethylation was the major pathway in the kidney.
The sex and strain differences should be noted as physiological information about the xenobiotic-metabolizing enzymes, and the strain differences may affect the results of toxicological studies in rats. The strain and sex differences in diazepam metabolism were observed in the kidneys of the four rat strains; however, the patterns were markedly different from those of livers. In conclusion, the current study demonstrated that the main reaction in the kidney was diazepam N-demethylation mediated by CYP2C11 and revealed no enzymatic activity profile of diazepam p-hydroxylation in the rat kidney, which is the major metabolic pathway of diazepam in the livers of SD and BN rats.
